Aim: Vorinostat, a histone deacetylase (HDAC) inhibitor currently in a clinical phase III trial for multiple myeloma (MM) patients, has been reported to cause bone loss. The purpose of this study was to test whether, and to what extent, vorinostat influences the osteogenic differentiation of mesenchymal stem cells (MSCs) in vitro and bone formation in vivo. Methods: Bone marrow-derived MSCs were prepared from both normal donors and MM patients. The MSCs were cultured in an osteogenic differentiation induction medium to induce osteogenic differentiation, which was evaluated by alkaline phosphatase (ALP) staining, Alizarin Red S staining and the mRNA expression of osteogenic markers. Naïve mice were administered vorinostat (100 mg/kg, ip) every other day for 3 weeks. After the mice were sacrificed, bone formation was assessed based on serum osteocalcin level and histomorphometric analysis. Results: Vorinostat inhibited the viability of hMSCs in a concentration-dependent manner (the IC 50 value was 15.57 μmol/L). The low concentration of vorinostat (1 μmol/L) did not significantly increase apoptosis in hMSCs, whereas pronounced apoptosis was observed following exposure to higher concentrations of vorinostat (10 and 50 μmol/L). In bone marrow-derived hMSCs from both normal donors and MM patients, vorinostat (1 μmol/L) significantly increased ALP activity, mRNA expression of osteogenic markers, and matrix mineralization. These effects were associated with upregulation of the bone-specifying transcription factor Runx2 and with the epigenetic alterations during normal hMSCs osteogenic differentiation. Importantly, the mice treated with vorinostat did not show any bone loss in response to the optimized treatment regimen. Conclusion: Vorinostat, known as a potent anti-myeloma drug, stimulates MSC osteogenesis in vitro. With the optimized treatment regimen, any decrease in bone formation was not observed in vivo.
Introduction
Multiple myeloma (MM) is a malignant plasma cell (PC) disorder characterized by an accumulation of monoclonal, terminally differentiated PCs in the bone marrow (BM). Approximately 80% of patients with newly diagnosed MM show evidence of bone disease by conventional radiography [1] .
The development of myeloma bone disease is caused by an uncoupling of normal bone remodeling, which is the result of increased osteoclast activity and markedly suppressed osteoblast function [2, 3] . Mesenchymal stem cells (MSCs) are mostly present in the BM and are characterized by their ability to give rise to mesodermal cell types, such as osteoblasts, adipocytes and chondrocytes [4] . In addition to their multi-lineage differentiation potential, MSCs also possess multiple biological properties, including the production of a variety of cytokines/ www.nature.com/aps Xu S et al Acta Pharmacologica Sinica npg chemokines, immunomodulary properties and the ability to migrate towards sites of injury or tumor location. These features make them useful for a number of potential therapeutic applications, including supporting hematopoiesis, treating graft-versus-host disease (GVHD), tissue engineering and gene therapy [5] [6] [7] [8] . MSCs from myeloma patients (MM-hMSCs) show an enhanced cytokine production and a distinctive gene expression profile compared to hMSCs from normal donors (NDhMSCs) [9, 10] . Moreover, we previously observed that MMhMSCs, especially those from MM patients who exhibit bone lesions, showed impaired differentiation towards osteoblasts compared to ND-hMSCs [11] . The suppression of MSC osteogenic differentiation is due to the presence of soluble factors produced by MM cells and the abnormal regulation of signaling pathways in MSCs [11] [12] [13] [14] [15] [16] . The strategy of targeting endogenous MSCs for committed differentiation in vivo using pharmacological agents has recently been emphasized. Bortezomib is a clinically available proteasome inhibitor that is used for the treatment of MM. Preclinical and clinical observations have revealed that bortezomib is not only a potent anti-MM drug but is also capable of promoting bone formation [17, 18] . Therefore, it would be interesting to investigate how other anti-myeloma drugs regulate bone formation. Histone deacetylase inhibitors (HDACi) are considered one of the most promising drugs for the treatment of neoplastic disorders. Although these drugs are primarily studied for their anti-proliferative and pro-apoptotic activities against tumors, there is growing evidence that some HDACi also stimulate osteogenic differentiation of MSCs [19] [20] [21] [22] [23] . As a pan-inhibitor of class I and II HDAC proteins, vorinostat (SAHA or Zolinza TM ) is one of the HDACi currently being used to treat MM patients. Vorinostat, alone and in combination with bortezomib, are both being evaluated in clinical phase I/II trials in MM [24, 25] , while the combination of vorinostat and lenalidomide is currently being tested in a phase III clinical trial [26] . However, previous publications showed that vorinostat decreased MSC osteogenic differentiation ability in vitro and caused bone loss in vivo [27, 28] . It is unclear why vorinostat apparently induces the opposite effect on MSC osteogenic differentiation in vitro compared to other HDACi. Moreover, it is important to explore whether the bone loss promoting effect of vorinostat could be blunted or reversed by adjusting the treatment strategy in vivo.
Materials and methods

Reagents
Vorinostat was kindly provided by Merck & Co Inc (Whitehouse station, NJ, USA). It was dissolved in DMSO as a 20 mmol/L stock solution and diluted to the required concentrations.
Primary culture of human MSCs BM samples from healthy donors and MM patients were obtained after informed consent, in accordance with the Declaration of Helsinki. BM aspirates were obtained from the sternum of healthy donors or from the iliac crest of myeloma patients. For hMSCs from healthy donors, whole BM mononuclear cells were collected by density gradient centrifugation with Ficoll-Hypaque (Nycomed, Takeda, Brussels, Belgium) and cultured according to a previously described method [29] . For hMSCs from MM patients, an additional CD138 MACS separation was performed to remove the malignant plasma cells before the initial culture. hMSCs were used at passage 3-5 in this study. Prior to their use in these experiments, hMSCs were characterized by their immunophenotype (CD90 + , CD73 + , CD166 + , CD105 + and CD45 -) ( Figure 1 ). This study was approved by the local ethical committee.
Human myeloma cell lines
Three well-characterized human MM cell lines (Karpas 707, RPMI 8226 and U266) were used in our experiments. They were maintained in RPMI-1640 medium containing 10% FCS, supplemented with 1% L-glutamine and 1% penicillin/streptomycin (Life Technologies, Gent, Belgium) at 37 °C in 5% CO 2 .
Viability assays hMSCs and MM cells were cultured at a density of 2000 cells/ well in a 96-well plate in the complete growth medium with various concentrations of vorinostat (0 nmol/L, 10 nmol/L, 100 nmol/L, 500 nmol/L, 1 µmol/L, 5 µmol/L, 10 µmol/L, and 50 µmol/L). After 72 h, cell viability was measured using CellTiter-Glo ® (Promega, Madison, WI, USA), according to the manufacturer's protocol.
Cell cycle analysis
Three hundred thousand hMSCs cells were cultured in complete growth medium containing different concentrations of vorinostat. After 72 h incubation, the cells were collected in FACS tubes and washed once in cold PBS. Next, they were Figure 1 . Immunophenotype of hMSCs. hMSCs from normal donors and MM patients were positive for CD90, CD73, CD166, CD105, and negative for CD45. Representative FACS staining of one ND-hMSCs is shown. 
Apoptosis analysis
After culture in complete growth medium with different concentrations of vorinostat for 72 h, 2×10 5 MSCs were washed twice with PBS and stained with 3 µL 7-AAD and 4 µL Annexin V-FITC (BD Pharmingen) in 100 µL buffer. The cells were then incubated at 4 °C for 15 min. The cells were resuspended in 400 μL of binding buffer and immediately analyzed using a FACSCanto flow cytometer (BD Pharmingen), using FACS Diva software.
Western blot analysis
Preparation of whole cell lysates and immunoblotting were performed as previously described [30] , using the following antibodies: acetyl-histone 3 (Ac-H3) (Upstate, Lake Placid, NY, USA), p21 (Santa Cruz, Santa Cruz, CA, USA), β-actin, HDAC1 and HDAC4 (Cell Signaling Technology, Danvers, MA, USA). Horseradish peroxidase-conjugated secondary antibodies were purchased from Amersham (Buckinghamshire, UK). Band intensities were quantified using NIH ImageJ software (http://rsbweb.nih.gov/ij/), expressed in arbitrary units of optical density and normalized to the intensity of β-actin in the same blot.
RNA extraction and cDNA synthesis Total RNA was extracted using Trizol reagent (Invitrogen) and the RNeasy mini kit (Qiagen, Venlo, the Netherlands), and cDNA was synthesized using the Thermo Scientific Verso TM cDNA synthesis kit (Thermo Scientific, Ulm, Germany), according to the manufacturer's protocol.
Quantitative real-time PCR Runx2 mRNA expression was quantified using the SYBR GreenER™ qPCR for iCycler kit (Life Technologies), using an iCycler Thermal Cycler (Bio-Rad, Eke, Belgium). Transcript levels were normalized to the housekeeping gene, β-actin, and analyzed using the relative quantification 2 -ΔΔCt method. Primer sequences are reported in Table 1 .
RT-PCR
The expression of osteogenic markers was determined by RT-PCR, as described previously [28] . Primer sequences are reported in Table 2 .
Osteogenic differentiation induction
Twenty thousand hMSCs were plated in 1.5 mL growth medium in a 12-well plate. After overnight incubation, osteogenic differentiation was induced with Osteogenesis Induction Medium (OIM) (Lonza, Verviers, Belgium) (containing dexamethasone, ascorbate, glycerophosphate, L-glutamine, Pen/Strep and mesenchymal cell growth supplement), with or without vorinostat. The medium was replaced every three days. ALP expression and calcium deposit were used as early and late markers for osteogenesis, respectively, and were detected by ALP and Alizarin Red S staining, respectively.
Qualitative ALP staining After culture in osteogenic induction medium with or without vorinostat (1 µmol/L) for the indicated time, cells were washed with PBS, and BCIP/NBT (5-bromo-4-chloro-3-indolyl phosphate/Nitroblue tetrazolium, Sigma-Aldrich, Bornem, Belgium) liquid substrate was added to each well, followed by a 60 min incubation in the dark. ALP positive cells were visualized under a light microscope (dark purple color).
Quantitative ALP activity analysis To quantify ALP activity, 2×10 3 hMSCs were cultured in osteogenic induction medium in a 96-well plate with or without vorinostat (0 nmol/L, 100 nmol/L, 500 nmol/L, 1 µmol/L, 5 µmol/L, and 10 µmol/L). Three days later, the cells were washed once with PBS, and 100 µL Alkaline Phosphatase Yellow (pNPP) Liquid ELISA substrate (Sigma-Aldrich) was added for 30 min in the dark. Finally, ALP activity was analyzed using an ELISA reader at 415 nm. ALP activity was normalized to the amount of total protein in each well to determine the ALP index. 
Runx2, runt-related transcription factor 2. Table 2 . RT-PCR primers (human).
Gene
Primer GenBank Annealing accession temp (°C) [27, 28] . However, a previous study by Campbell et al showed that intraperitoneal (ip) administration of vorinostat (100 mg⁄kg) for 2 d per week produced a marked decrease in MM tumor burden in vivo, and the anti-MM effect did not increase when the frequency of drug treatment increased to 5 d per week [31] . Therefore, we exploited a less frequent treatment strategy in our study. C57BL/KaLwRij mice (n=5 per group) were injected ip with either vehicle (DMSO) or vorinostat (100 mg/kg), and treatments were administered every other day for three weeks (three times/week). The animals were weighed every week and were sacrificed after 21 d.
Serum osteocalcin measurement
Peripheral blood was collected at the end of the experiment, and the mouse serum was diluted 1/20. Osteocalcin levels were assessed by ELISA (Demeditec Diagnostics, Kiel, Germany) according to the manufacturer's instructions.
Colony formation assay BM was flushed from the femur and tibiae into McCoy's 5A medium containing 1% L-glutamine (2 mmol/L), 100 U/mL penicillin/streptomycin and 20% stem cell mouse growth supplement (StemCell Technologies, Vancouver, BC, Canada). After red blood cell lysis, 1×10
6 primary BM cells from each mouse were plated in 12-well plates, and the medium was changed at 24 h to eliminate non-adherent cells. To examine the osteogenic differentiation potential of primary murine MSCs (CFU-Alp), cells were moved to OIM (Lonza) at d 3, when primary colonies formed. Ten days later, ALP staining was carried out with BCIP/NBT solution (Sigma-Aldrich) per the manufacturer's instructions. Only colonies containing a majority of stained cells (>50%) were scored as positive.
Histomorphometric analysis
The tibiae were decalcified and embedded in paraffin, and 3-μm sections were cut and stained with H&E or enzymatically stained for tartrate resistant acid phosphatase. Osteoblasts were identified on the basis of characteristic morphology, and osteoclasts were identified following tartrate resistant acid phosphatase staining. The number of osteoclasts and osteoblasts per millimeter were measured using Osteomeasure bone histomorphometry software (OsteoMetrics, Decatur, GA, USA).
Statistical analysis
Statistical analysis was performed using GraphPad Prism 5 software. All data represent the mean±SD, and results were analyzed using the Mann Whitney test (for two groups) and one way ANOVA, followed by Tukey's post test (for more than two groups). P<0.05 was considered statistically significant. All experiments were repeated at least three times.
Results
Effect of vorinostat on hMSC growth in vitro
Vorinostat reduced cell growth in a concentration-dependent manner in MM cells (RPMI8226, Karpas 707, and U266) and hMSCs. Importantly, we observed that vorinostat affected the viability of hMSCs with an IC 50 (half maximal inhibitory concentration) of 15.57 µmol/L, while the observed IC 50 s for the MM cell lines, RPMI8226, Karpas 707, and U266, were 0.71 µmol/L, 0.24 µmol/L, and 1.41 µmol/L, respectively ( Figure  2A) .
To understand the underlying mechanism by which vorinostat inhibited hMSC growth, cell cycle distribution was assessed by PI staining. At concentrations of 1 and 10 µmol/L, vorinostat caused significant G 2 /M phase arrest compared to untreated cells. An increase in the apoptotic population (sub-G 0 /G 1 ) was observed as well, following treatment with 10 µmol/L vorinostat ( Figure 2B ).
Annexin V/7AAD staining revealed that vorinostat (1 µmol/L) did not significantly increase apoptosis in hMSCs, while more apoptotic cells (early+late apoptosis) were detected after treatment with 5 µmol/L vorinostat. More pronounced apoptosis was observed following exposure to 10 µmol/L and 50 µmol/L vorinostat ( Figure 2C ).
In addition, we observed that vorinostat induced morphological changes in hMSCs. Under untreated conditions, hMSCs appeared to be elongated and fibroblast-like. When exposed to vorinostat for 24 h, the cells became flatter and more stress fibers could be observed in the cytoplasm ( Figure  2D ). This phenotype became more prominent with increasing concentrations of vorinostat.
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Osteogenesis-promoting effect of vorinostat on BM derived hMSCs from normal donors and MM patients BM derived ND-hMSCs were cultured in osteogenic medium with increasing concentrations of vorinostat. After 72 h, ALP activity, which is an early marker of osteoblast differentiation, was quantified by ELISA. As demonstrated in Figure 3A , vorinostat significantly increased ALP activity at concentrations of 1 µmol/L and 5 µmol/L compared to the control group, but ALP activity decreased with increasing concentrations of vorinostat due to drug toxicity (P<0.05).
As the 1 µmol/L dose of vorinostat induced the highest relative ALP activity, we further confirmed its effect on hMSC osteogenic differentiation using this concentration. PCR analysis revealed that the expression of OPN, ALP, BSP, and BMP2 Figure 3B ). ALP staining confirmed that more ALP positive cells were present after vorinostat treatment for 7 d compared to the control (Figure 3C ). Finally, Alizarin Red S staining confirmed that Vorinostat increased matrix mineralization in ND-hMSCs ( Figure  3D ). We also tested the effect of vorinostat on MM-hMSCs osteogenic differentiation. Our study indicated that MM-hMSCs have impaired osteogenic differentiation compared to their normal counterparts. More importantly, we found that similar to ND-hMSCs, vorinostat was able to increase the activity of ALP ( Figure 3A and 3C) , the mRNA expression of osteogenic markers ( Figure 3B ), and calcium deposition ( Figure 3D ) in MM-hMSCs.
Mechanisms involved in the vorinostat-induced osteogenesis hMSCs were cultured in growth medium for 48 h with or without vorinostat. In vorinostat treated hMSCs, we observed an upregulation of Runx2 expression, which is a key transcription factor for osteogenesis, by real-time PCR ( Figure 4A ).
In addition, in response to exogenous osteogenic stimuli, hMSCs exhibited a progressive hyperacetylation of histone 3 but suppressed HDAC1 in a time-dependent manner ( Figure  4B ). Interestingly, without any osteogenic stimuli, vorinostat inhibited HDAC activity and increased the acetylation of histone 3 in hMSCs. This mimics the natural epigenetic alteration of hMSCs during osteogenic differentiation ( Figure 4C ). We also found that p21, an important marker for the initiation and regulation of osteoblast differentiation [23] , increased significantly and in a concentration-dependent manner in hMSCs ( Figure 4C ).
The effect of vorinostat on bone formation in naive mice Naive mice (n=5 per group) received ip injection of either vehicle (DMSO) or vorinostat (100 mg/kg) for 3 weeks (9 dosages) ( Figure 5A ). As shown in Figure 5B , there was no significant effect on the body weight of mice treated with vorinostat (100 mg/kg) compared to the control group. Importantly, with the adjusted treatment strategy, vorinostat did not cause any bone loss in vivo, contrary to what has been reported in previous publications [27, 28] . Alternatively, we observed that vorinostat treatment of naive mice (C57BL/KaLwRij) increase the number of osteogenic colonies by 1.32-fold ( Figure 6A ), increased serum osteocalcin levels by 46.50% ( Figure 6B) , and increased osteoblast numbers in endocordical and trabecular bone surfaces by 6.74% and 19.53%, respectively ( Figure 6C) ; however, the differences in increased osteogenic colonies, serum osteocalcin levels and osteoblast numbers were not significant.
Discussion
Mammalian cells express 18 HDACs, which are divided into four classes based on sequence conservation and functional similarities [32] . The crucial roles of several HDACs, including HDAC1, HDAC3, HDAC4, HDAC5, HDAC6, HDAC8, and Sirt1, in the regulation of bone formation have been identified [23, [33] [34] [35] [36] [37] . Several natural and synthetic compounds aimed at suppressing HDAC activity have been developed. HDACi act by binding to the catalytic site of HDACs [38] . Vorinostat is a potent pan-HDAC inhibitor that was approved by US FDA for the treatment of cutaneous T cell lymphoma in 2006. Vorinostat has also been used for the treatment of different tumor types [39, 40] and has been tested in phase III clinical trials for treatment of MM patients [24] [25] [26] . In the present study, we observed that while vorinostat was able to inhibit the growth of hMSCs in a concentration-dependent manner, the IC 50 for hMSCs is much higher compared to MM cells. Unlike the findings from Di Bernardo et al [41] , we found that vorinostat (1 µmol/L) did not induce significant apoptosis and G 0 /G 1 arrest in hMSCs. In fact, we found that vorinostat induced G 2 / M arrest, which is consistent with other HDAC inhibitors [19] . One recent paper suggested that HDACi could induce cell G 2 /M arrest via the p53 pathway in colorectal cancer cells, an observation that deserves further investigation in MSCs [42] . Noticeably, 1 µmol/L vorinostat caused significant MM cell growth inhibition but produced only minor effects on hMSCs. At this concentration, in vitro osteogenic differentiation was stimulated in both normal donors and, more importantly, MM patients. One possible mechanism responsible for the osteogenesis-promoting effect of vorinostat, which is in line with other HDACi [19] [20] [21] , is that vorinostat can upregulate the transcriptional activation of Runx2, a very important transcription factor for osteoblast differentiation. Moreover, another potential mechanism by which vorinostat promotes osteogenesis might be related to the acceleration of epigenetic modification. We found that during natural hMSCs osteogenic differentia- tion, induced by osteogenic stimuli, the expression of HDAC proteins, especially for HDAC1, were gradually downregulated, while the acetylation of histone H3 increased. It has been proposed that HDAC1 negatively regulates the osteogenic process [23] , as the downregulation of HDAC1 induced cellular hyperacetylation, and chromatin structures became more accessible to osteogenic transcription factors, such as Western blot analysis of epigenetic alterations during normal hMSC osteogenic differentiation. Representative blots of three independent experiments (upper panels) and densitometric analysis using ImageJ software (lower panels) are shown. [27] . However, we noticed that they used primary murine BM nucleated cells in their study but not MSCs. Therefore, this discrepant in vitro data might be related to a difference in the cell population that was studied. Our group and others used in vitro expanded homogeneous human MSCs, whereas McGee-Lawrence et al. tested freshly isolated murine heterogeneous BM cells. In our experience, the majority of primary murine BM cells are hematopoietic cells and not MSCs [43] . We observed that vorinostat-treated naive mice did not exhibit a decrease in osteogenic colonies, serum osteocalcin, or osteoblast numbers. However, in contrast to our data, two recent studies reported that vorinostat caused bone loss in vivo, as shown by a decrease in the number of osteoblast cells [27, 28] . We postulate that these discrepant in vivo results are related to the frequency of vorinostat treatment. In the other two studies, mice were treated with vorinostat at 100 mg/kg ip, daily for 3 or 4 weeks. They observed a significant decrease in body weight, indicating that this treatment schedule causes considerable toxicity in the animals [27] . We treated the mice less frequently three times per week), and no significant side effects were observed. Our in vitro data revealed that higher concentrations of vorinostat can affect the viability of MSCs, and therefore, it is crucial to find the optimal concentration of vorinostat that reduces tumor burden without harming the MSC population.
In a phase I trial of single-agent vorinostat in 13 patients with relapsed and/or refractory MM, 1 patient showed a minimal response and 9 patients showed disease stabilization [24] . However, because of the early termination of this study due to the sponsor's decision, the maximum tolerated dose (MTD) of vorinostat was not determined, and the activity of vorinostat at an optimum dose and schedule were not fully explored. Campbell RA et al studied the antitumor activity of vorinostat against MM using a LAGκ-1B murine xenograft MM model in vivo [31] . They reported that vorinostat (100 mg⁄ kg) daily ip for 2 consecutive days per week markedly decreased the MM tumor burden, and the anti-MM effect of vorinostat was not enhanced when the frequency of drug treatment was increased to 5 consecutive days per week. Collectively, as shown by phase I trial, frequent treatment with vorinostat has a modest single-agent activity in relapsed/refractory MM, and an animal study demonstrated that the anti-MM effect of vorinostat administered at a lower frequency was not significantly different from that of the higher treatment frequency. Because of the risk of inducing bone loss following a high frequency treatment schedule [27, 28] , a low frequency treatment schedule for the administration of single-agent vorinostat to MM patients seems to be more appropriate. Moreover, we noticed that in the phase І clinical trials of single vorinostat in MM patients, the maximum administered dose of oral vorinostat was 250 mg, twice daily (500 mg total). Because the dose used in patients is much lower compared to the dose used in our animal experiments and the oral intake of the drug is less efficient compared to ip injection, it can be assumed that this drug would not induce bone loss in MM patients, even if a more frequent infusion schedule was used.
It is well-documented that MM cells can suppress MSC osteoblastogenesis via multiple molecules [12] [13] [14] [15] [16] and activate osteoclastogenesis. Because vorinostat has a strong anti-myeloma effect, a more potent enhancement of bone formation can be expected in MM diseased mice. Our group has demonstrated that JNJ-26481585, another second-generation HDACi, significantly reduced the development of bone disease and tumor burden in the 5T2 MM mouse model [44] . Therefore, it would be worth testing the effect of vorinostat in the same model.
Taken together, we could not find any evidence that treatment with vorinostat induces bone loss in an in vivo mouse model. Therefore, we propose that HDACi might be safe to be used as a single agent or in combination with other therapies to target MM cells, without impairing bone formation or eliciting a supportive effect on osteogenesis. However, our findings need to be corroborated with further clinical observation and analysis in MM patients.
